Cautery is a process to coagulate tissues and seal blood vessels using heat. In this study, finite element modeling (FEM) 
Introduction
Cautery, or the coagulation of tissue, is a surgical technique that has long been used to denature proteins and minimize bleeding during surgical procedures ͓1͔. One method to perform cautery is electrosurgery, which uses radio frequency ͑rf͒ electrical currents to actively heat biological tissues with high power density ͓1͔. Because human nerve and muscle stimulation cease at frequencies over 100 kHz, the electrical energy in rf alternating current can be delivered safely to generate the heat necessary for coagulation. Without coagulation, the internal bleeding from the cut area is a danger to the patient and affects the surgeons' field of view. Electrosurgery provides a major advance in surgery by minimizing blood loss and reducing operation time. Miniaturization of the electrosurgical instrument has enabled the use of minimally invasive or laparoscopic surgical procedures, thereby reducing patient recovery time. The success of laparoscopic surgery from both the surgeon and the patient perspective has provided the inertia for using these instruments in increasingly complex procedures. However, their success in procedures, such as prostatectomy and hysterectomy, has been hampered by collateral damage to local neural structures impacting patient postoperative quality of life ͓2-4͔.
Electrosurgery can be categorized as monopolar and bipolar. Monopolar electrosurgery uses current in the gap between the tool and tissue to generate heat and ablate tissue. It functions under the same principle as electrical discharge machining ͑EDM͒. Bipolar electrosurgery employs dispersive electrodes, called forceps, as shown in Fig. 1 . The rf electrical current supplied by an electrical generator flows through only the tissue between the two electrodes to complete the circuit. As electrical current passes through tissue, its resistance generates heat for cautery. Bipolar electrosurgery is investigated in this study.
Heat generated from electrosurgery has a harmful side effect of spreading and damaging the surrounding tissue and, more importantly, the nerves in the neurovascular bundle ͑NVB͒ in surgery. This phenomenon is referred to as thermal spread in surgery ͓5͔. Collateral tissue damage has been highlighted as a major concern for postoperative side effects, especially for procedures occurring near critical nervous regions, such as prostatectomy and hysterectomy ͓2͔. These side effects include impotence and incontinence with varying lengths of duration from temporary to permanent. Recent advances have been made in generator and control technologies that pulse the input voltage and turn off the power once the tissue has been determined to be coagulated. Nevertheless, these advances still report thermal spreads of 3 -5 mm in ideal situations, which can cause irreversible side effects during procedures as it is difficult for the surgeon to control thermal spread from the electrosurgical instrument. The purpose of this research is to better understand heat transfer in biological tissues in cautery procedures to further improve the design of surgical bipolar devices.
Thermal spread in biological tissue is difficult to measure and predict. Modeling is a necessary tool to understand temperature distribution and tissue damage from thermal spread. However, research is lacking in this area. Research in the modeling of rf ablation has been reviewed by Berjano ͓6͔. Past research has focused on FEM of tissue rf ablation and shortening the design time for new rf instrumentation. Several researchers have modeled rf ablation using a finite element approach ͓7-9͔. However, the literature has been limited primarily to the area of tumor ablation in the liver and heart, which is characterized by low voltage inputs and procedural times on the order of 480-720 s and 60-120 s, respectively. Cautery is a technique characterized by high voltage inputs and procedural times on the order of 3 -10 s, almost two orders of magnitude shorter than liver rf ablation and one order shorter than cardiac rf ablation. To date, detailed FEM on the cautery procedures is still new and not well studied. Pearce et al. ͓10͔ published the finite difference determinations for the potential gradient from a smooth rectangular electrode. The modeling of such procedures can be important to further the understanding of how tissue responds to rf energy, resulting in improvements to instrumentation design. In this study, FEM of cautery in bipolar electrosurgery is performed to investigate the thermal spread and temperature distribution in biological tissue. In vivo surgical experiments are conducted in a porcine model for temperature measurement in the spleen. The measured temperatures during bipolar electrosurgery are compared to simulation results to validate the FEM model.
In this study, COMSOL was used to model the heat transfer through in vivo tissue during bipolar cautery using the Gyrus ACMI 5 mm Cutting Forceps, as shown in Fig. 1 . The results for temperature-dependent and temperature-independent models are compared to experimentally measured tissue temperature for validation. In addition, theoretical compression-dependent effects on electrical conductivity are modeled. The FEM is lastly used to analyze the thermal profiles of different electrode designs to see how geometry can be used to reduce thermal spread.
Experimental Setup for In Vivo Electrosurgical Temperature Measurement
Experiments were conducted, as shown in Fig. 2 , to measure temperature in the porcine spleen tissue during an electrosurgical procedure with a Gyrus ACMI 5 mm Cutting Forceps along with the SuperPulse generator. As seen from Fig. 1 , the instrument consists of two electrodes, each 13 mm long and 1.15 mm wide. The distal 20 mm of this probe is made of 301 stainless steel and the proximal 4.0 cm of the probe is covered with an electrically insulating PTFE coating.
A porcine ͑50% duroc, 25% yorkshire, and 25% landrace͒ model weighing about 45 kg was anesthetized and ventilated for use in the in vivo tissue coagulation experiments. An Agilent ͑Santa Clara, CA͒ 54833A 1 GHz oscilloscope in peak detect mode ͑PDM͒ with an Agilent 10076A 100:1 high voltage probe was used to measure the electrical voltage input to the tissue. PDM was used due to the limited memory of the oscilloscope as this only collects the peak readings from each wave form. Data was acquired via the LABVIEW software. The tissue temperature was measured with Alpha Technics ͑Irvine, CA͒ microthermistors with a 0.48 mm outside diameter and 0.25 s thermal response time. Thermistors were selected over thermocouples and other temperature sensors due to the high sensitivity and stability in the targeted temperature range ͑30-100°C͒ and their relative immunity to electromagnetic interference. The thermistor relies on the change in resistance for temperature measurement and is relatively immune to the significant electromagnetic field generated during electrosurgery.
To maintain the same distance from the cutting edge, a fixture made of polycarbonate, as shown in Fig. 2 , was custom made that fits the shape of the forceps. The overall dimension of the fixture is 20ϫ 38.2ϫ 5.4 mm 3 . The fixture can stand firmly on the tissue and has a 2.8 mm tall cavity to allow space for vapor to escape, a groove in the shape of the surgical tool tip, and several 0.5 mm diameter holes at specific distances, 1.0 mm, 1.5 mm, 3.0 mm, and 3.5 mm, from the edge of the forceps. The microthermistors were inserted through these holes to measure the temperature inside the tissue at a set distance and depth in relation to the forceps for comparison to the temperatures obtained from the FEM.
The electrical input was provided by the Gyrus ACMI SuperPulse generator, commonly used in surgery. The measured ac voltage versus time between the two electrodes in the experiment is shown in Fig. 3͑a͒ . The voltage signal has two modes. The "on" mode is a Ϯ100 V, 350 kHz frequency sine wave input for about 0.22 s duration. A close-up view of this mode, as illustrated in Fig. 3͑a͒ , shows the shape and period of the sine wave form. This on mode is repeated five times. The second mode is an "off" mode. The voltage signal detected during this time is a factor of the amplification of noise from the voltage probe, which uses a 100:1 scaling of the signal in order to protect the oscilloscope from the high voltage signal.
Finite Element Modeling
3.1 Thermal-Electric FEM Formulation. The analytical modeling of heat transfer in tissue, or bioheat transfer, was pioneered by the work of Pennes ͓11͔ to represent heat sources from metabolism and blood perfusion. The model has been refined and studied extensively in the 1970s, 1980s, and 1990s ͓12-15͔. The advancement of finite element and finite difference methods in the 1990s has enabled the numerical solution of the bioheat transfer equation for several specific tissue problems. The bioheat transfer model of tissue includes coupled thermal and fluid ͑blood͒ transport phenomena. Through the advances in the modeling of bioheat transfer, it is assumed that the solid elements can be used to model the tissue, a multiphase material consisting of both solid and liquid, with sufficient accuracy.
The linear bioheat transfer equation for tissue is the general heat equation for conduction with added terms for heat sources and can be expressed as ͓11͔
where , c, and k are the tissue density, the heat capacity, and the thermal conductivity, respectively, w b is the effective blood perfusion parameter, c b is the blood heat capacity, T is the local tissue temperature, T a is the blood inlet temperature or steady-state temperature of the tissue, q m is the metabolic heat generation rate of the tissue, q g is the external induced heat generation rate due to the electrosurgical heating of the tissue, and t is the time. For all cases, it was assumed that the metabolic heat source and blood perfusion were insignificant ͑q m = 0 and w b =0͒ as the energy input into the system is much greater than that produced during metabolism ͓16͔ and the compression of the tissue from the electrodes inhibits local blood flow. Since the main interest is to simulate the temperatures achieved throughout a cautery procedure, a timedependent solution is considered.
A quasistatic electrical conduction model was applied to solve the electric field in the tissue using Laplace's equation ͓17͔.
where ͑T͒ is the temperature-dependent electrical conductivity, and V is the electric potential. rf coagulation devices operate between 300 kHz and 550 kHz. At these frequencies, the wavelength is several orders of magnitude larger than the size of the electrode. Thus, the majority of the energy generated by the electrosurgical device is dissipated through electrical conduction rather than capacitive coupling ͓9͔.
The difference in the methodology used to solve these governing equations for the cases of constant and temperature-dependent conductivity stems from the method in which Laplace's equation ͑Eq. ͑2͒͒ is solved. In the case where the electrical conductivity is constant, Laplace's equation can be solved independently from the bioheat transfer equation ͑Eq. ͑1͒͒. The electric potential ͑V͒ can be solved quickly over the entire volume and the solution can be implemented into the source term of the heat conduction equation. Since temperature varies spatially, temperature-dependent electrical conductivity is a function of both temperature and position. This dependence requires that Eqs. ͑1͒ and ͑2͒ be solved simultaneously, which requires iterative computation of both the electrical conductivity and temperature.
Properties of Biological Tissue.
The electrical and thermal properties of the tissue were available in Refs. ͓8,18-20͔. The properties for the in vivo spleen and electrodes are shown in Table  1 . For cases using a temperature-dependent electrical conductivity, ͑T͒, a standard increase of 2%/°C was used in accordance with Scwhan et al. ͓21͔ . Thereby the equations used to determine ͑T͒ were:
where T ref is the base line temperature for the conductivity. There has been work performed on the temperature-dependent thermal conductivity, k͑T͒, of porcine spleen by Valvano ͓20͔ where the relation can be expressed linearly as
3.3 FEM Techniques. In the multiphysics software COMSOL ver. 3.3, a variation of the heat transfer equation in the bioheat transfer module enables Eq. ͑1͒ to be solved. This equation is coupled simultaneously in the software with the conductive media dc module to solve Eq. ͑2͒. The coupling term is the externally induced heat generation term ͑q g ͒ from Eq. ͑1͒. This is the resistive heating of the tissue from the rf energy and is defined as q g = J · E, where J is the current density in the unit of A / m 2 and E is the electric field in the unit of V/m.
A schematic of the 3D FEM for this study is shown in Fig. 4 . The grooved electrode ͑to be discussed in Sec. 3.4͒ embedded in the tissue is illustrated in Fig. 4͑a͒ . The original mesh of the tissue was generated using COMSOL's automatic meshing generator and contained 35,269 of the 3D four-node linear tetrahedral elements. The mesh refinement feature was used to create a denser mesh in regions near the electrode where temperature information is critical. The mesh was progressively refined until the peak temperature solution at 0.5 mm from the side of electrode did not vary by more than 2%. This resulted in a mesh of 79,476 elements, as shown in Fig. 4͑b͒ , and all other cases except for the flat electrode ͑discussed in Sec. 3.4͒ were performed with this mesh. For each simulation, the electric field ͑E͒ and temperature ͑T͒ were calculated.
The COMSOL PARDISO ͓22͔ direct solver using matrix row elimination to solve for the temperature and electrical field was chosen for all analyses. Four input combinations for electrical conductivity and thermal conductivity material properties were compared in the model: All variable material properties were determined according to Table 1 and Sec. 3.2.
In a separate study, the electrical conductivity of the porcine spleen tissue between the bipolar electrodes was decreased to simulate the impact of tissue compression. Preliminary experiments demonstrate that compression influences the tissue electrical conductivity. This is an area that has limited research but is critical to accurately predict thermal profiles ͓23,24͔. Preliminary ex vivo tests by the authors demonstrate a tissue electrical resis- 
Electrode Design.
The effect of the design of electrode surface in contact with the tissue was studied. The Gyrus ACMI bipolar grooved electrode ͑GE͒ design was compared to a flat electrode ͑FE͒ design, as shown in Fig. 5 . For both the FE and GE, the model can be defined using a symmetry plane running through the middle of the electrode, as seen in Fig. 4͑a͒ . The upper and lower electrode geometries were created by first extruding a 1.25ϫ 1.15 mm 2 rectangle 12.25 mm in length. This rectangle was then revolved 180 deg in a circular arc with a 0.725 mm inner radius. For the GE, material was removed from the base rectangular electrode to create the groove profile shown in Fig. 5͑c͒ .
The seeding of the FE electrodes was identical to that of the GE electrodes for meshing in order to approximate the mesh density of the GE model near the electrodes. This resulted in a mesh of Table 2 .
(a) (b) (c) Transactions of the ASME 64,932 3D four-node tetrahedral elements. In the model, the temperature was estimated at the midline, T mid , of the electrodes and at different distances from the electrode edge in positions corresponding to the thermistors in the in vivo tissue temperature experiments, as shown in Fig. 4͑c͒ . Electrical conductivity was modeled as temperature dependent ͑+2 % /°C͒ while the thermal conductivity was maintained constant for computational efficiency. A separate modeling study was conducted by the authors to investigate the impact of varying temperature-dependent electrical and thermal conductivities. Fig. 4͑a͒ , the active portions of the forceps are embedded into a 25 mm ͑length AE͒ ϫ 15 mm ͑width AB͒ ϫ 4.5 mm ͑depth AC͒ region that simulates tissue the forceps act on. The boundary conditions were the same for all simulations. Table 2 specifies the boundary condition for planes marked by Letters A -H in Fig. 4͑a͒ .
Boundary Conditions. As shown in
The thermal boundary conditions for the surfaces of the tissue not contacting an electrode ͑Planes BDHF and EFHG͒ are set at a constant temperature T 0 , which is 31°C in this study. Convection ͑Planes ABFE, ABDC, and CDHG in Fig. 4͑a͒͒ was assumed for all surfaces contacting the electrode except the symmetry plane. In this study, a convection coefficient of 25 W / m 2 K is utilized. The symmetry plane ͑Plane ACGE in Fig. 4͑a͒͒ was modeled with zero heat flux such that n · ͑k ٌ T͒ = 0. Initial condition for temperature was T 0 =31°C ͑measured porcine body temperature͒ for all simulations with the ambient temperature set to T amb =25°C ͑room temperature͒.
FEM Electrical Input.
Modeling the ac voltage in the 350 kHz frequency range is typically performed by converting the signal to a dc voltage by calculating its root mean square ͑rms͒ ͓6͔. For each on mode, the ac signal was divided into ten sections ͑0.022 s in each section͒, and rms averaged resulting in the signal input shown in Fig. 3͑b͒ . Five rf energy pulses with pulse on mode of 0.22 s and off mode of 0.53 s can be identified. Figure 6͑a͒ shows the comparison of measured tissue temperature with FEM predictions during electrocautery in porcine spleen. The temperatures at four points, 1.0 mm, 1.5 mm, 3.0 mm, and 3.5 mm distance, from the tool electrode are presented. The FEM accurately predicts general trends for thermal profiles during active electrosurgical heating compared to the experimental values obtained but is not able to model the postsurgical cooling as accurately. Tissue temperatures reach maxima as late as 7.2 s at 1.0 mm adjacent to the electrode whereas experimental tissue temperatures drop more quickly after cessation of rf energy.
Experimental and FEM Results

Experimental Validation and Effect of Compression.
The tissue temperature was observed to rise in a stepped manner near the tool electrode ͑1.0 mm and 1.5 mm͒ from the pulsed electrical input described in Sec. 2. At 3.22 s, the temperature measured at 1.0 mm adjacent to the instrument edge was 60.1°C in the experiment and 58.4°C in the model. These temperatures are above the 50°C threshold identified in Berjano ͓6͔ at which proteins denature causing tissue coagulation and permanent thermal damage.
Temperature increased slower in the model than the experiments. This is because of lack of knowledge about how material properties vary according to temperature and compression. Future work identified from this research includes more accurate measurement of the coupled temperature-and compression-dependent properties of biological tissue. Other less significant sources of error could be the generalized electrical potential input used to simplify the FEM process, the thermistor sensitivity, and variability of thermistor placement. Figure 6͑b͒ shows the FEM temperature versus time results including the compression effect on tissue electrical conductivity. The temperature in this model drops more quickly than the one without compression dependency ͑Fig. 6͑a͒͒, more closely reflecting the cooling time scale noticed in the experiment. The maximum FEM predicted temperature in Fig. 6͑b͒ at 1 mm and 3 .22 s ͑54.1°C͒ is much lower than the experimental temperature ͑60.1°C͒ and implicates the need for more accurate compressiondependent tissue electrical conductivity data. Further insight into the compression effect will be given by the temporal and spatial temperature distributions discussed in Sec. 5.1. Figure 7 shows the effect of temperaturedependent thermal and electrical conductivity on temperature pro- Table 2 FEM boundary conditions as marked in Fig. 4 Plane Electrical boundary condition Thermal boundary condition
Effect of Temperature-Dependent Electrical and Thermal Conductivities.
(a) (b) Fig. 6 Comparison of thermal profiles for in vivo experiments and FEM using a GE under a constant thermal conductivity, temperature-dependent electrical conductivity, and "a… compression-independent and "b… compression-dependent simulation files at 1.0 mm and 3.0 mm from the electrode. The simulation results reveal significant differences for different temperaturedependent conditions. The model with temperature-dependent thermal conductivity ͑k͑T͒͒ estimated temperatures 0.88°C and 0.02°C higher than the model without k͑T͒ at 1.0 mm and 3.0 mm adjacent to the tool edge, respectively, at 3.22 s, resulting in only a maximum of 1% temperature change. The model with temperature-dependent electrical conductivity ͑͑T͒͒ estimated temperatures 14.7°C and 0.85°C lower than the model without ͑T͒ at 1.0 mm and 3.0 mm from the tool edge, respectively, at 3.22 s, resulting in a maximum of 20% temperature change. The ͑T͒ has a significant impact and is vital in developing an accurate FEM for bipolar electrosurgery. Therefore, the results in the following sections are for simulations with temperature-dependent ͑T͒ and constant k͑T͒.
Discussion of FEM Results
An advantage of FEM is the temperature estimation for different conditions, which would be costly to measure experimentally. The following sections present effects of variations in material properties and electrode design on tissue temperature. The change in internal energy, ⌬Q, in the unit of joule, was determined by
where V* is the tissue volume, T 0 is the tissue temperature at t = 0 s, and T 1 is the tissue temperature at t = 3.22 s. ⌬Q is calculated in this study for comparison of the energy input between models incorporating compression-dependent and compressionindependent electrical conductivity values.
Temporal and Spatial Temperature Distributions
. Figure 8 shows the temporal cross sections of a plane offset from Plane ABDC ͑as shown in Fig. 4͑a͒͒ by 6 mm at the end of each of the rf pulses in the simulation. The temperature distribution with a hot spot in the tissue between the electrodes is shown with the symmetry plane on the left side. The temperature is shown to change progressively from the resistive heating until it reaches a maximum temperature of 102.7°C at the end of the last pulse, 3.22 s into the simulation ͑Fig. 8͑e͒͒.
During each of the pulses, the resistive heating happened between the electrodes and near the symmetry plane. The net increase of internal energy in the tissue was ⌬Q = 37.3 J from the resistive heating at the end of the last rf pulse at 3.22 s. Figure 8͑f͒ shows the tissue after sufficient cooling and the temperature is more evenly distributed. Figure 9 shows a top view of different planes offset from Plane ABFE ͑as shown in Fig. 4͑a͒͒ at 3.22 s in the simulation. A large spatial temperature gradient can be seen from the top to the bottom of the electrode. Figure 9͑d͒ shows the maximum temperature for the tissue of 102.2°C at the midplane.
Effect of Compression on Temporal and Spatial Temperature Distributions.
Altering the electrical conductivity of the tissue due to the compression applied by the electrodes ͑discussed in Sec. 3.3͒ has a significant role in shaping the resultant temperature distribution, especially in the modeled postoperative cool down. This dramatic impact is shown in Fig. 10 . Simulations with compression-dependent electrical conductivity result in "hot spots" in the tissue. The temperature is shown to grow progressively until it reaches a maximum temperature of 91.1°C at the end of the last pulse, 3.22 s into the simulation ͑Fig. 10͑e͒͒. The calculated ⌬Q = 6.1 J is much lower than the 37.3 J of energy added in the compression-independent simulation. The temperatures are much lower in the simulation with compressiondependent electrical conductivity, as seen in Figs. 8-11 . The reason the temperature rises and falls more accurately in Fig. 6͑b͒ is that the position of the temperature measurement is closer to the hot spots, as shown in Figs. 10 and 11. The current density becomes focused at the outer edges of the electrode due to the increased electrical resistivity in the tissue directly between the electrodes, thereby preferentially heating tissue outside of the profile of the instrument. (c) (a) Fig. 8 Cross-sectional view of temperature profiles on a plane offset from Plane ABDC by 6 mm at different times for a constant thermal conductivity, temperature-dependent electrical conductivity, and compression-independent simulation using a GE. Times "a…-"e… correlate to the end of each pulse and "f… correlates to the end of the simulation after sufficient cooling. Fig. 9 Cross-sectional view of temperature profiles at 3.22 s on different planes offset from Plane ABFE for a constant thermal conductivity, temperature-dependent electrical conductivity, and compression-independent simulation using a GE "distances indicating the offset from Plane ABFE… "same temperature scale as in Fig. 8… .
Effect of Electrode Shape on Tissue Temperature.
As shown in Fig. 12 , electrode design plays a significant role in shaping the resultant thermal profiles for bipolar electrocautery instrumentation. The temperature at 1.0 mm distance from the tool electrode, similar to the simulations of Figs. 6 and 7, is presented. The simulation shows the smooth electrode producing a higher T mid of 106.3°C with the difference in temperature between the midline and 1.0 mm from the electrode edge ⌬T = 40.4°C. The GE produced a lower T mid at 96.6°C with a ⌬T = 34.6°C. These results suggest that the electrode geometry can be redesigned for control of temperature distributions, T mid , and ⌬T to minimize collateral tissue damage.
In general, including grooves in the electrode minimizes heat generation through a reduction in current density. The collateral tissue damage can be reduced by decreasing the current density, although surgical efficiency drops and surgical time is increased to achieve a similar internal temperature. It was observed by Richter et al. ͓25͔ that smooth electrodes tended to not stick as much to tissue as GEs but also were less effective in vessel sealing. The FEM results presented here raise questions about the role the temperature plays in tissue sticking and the creation of an effective seal.
Conclusions
This study demonstrated the capability of using a FEM to study bipolar electrosurgical procedures and demonstrated the importance of incorporating appropriate temperature-dependent tissue properties, electrode geometry, and compression-dependent properties in the FEM model. Incorporating the temperature-dependent thermal conductivity values from the literature into the FEM resulted in only a 1% increase in tissue temperature at 1.0 mm adjacent to the electrode at 3.22 s. However, incorporating the temperature-dependent electrical conductivity in the FEM model resulted in a significant 20% decrease in temperature at 1.0 mm adjacent to the electrode at 3.22 s. FEM results showed that the Gyrus ACMI 5 mm Cutting Forceps generated a peak temperature at 1.0 mm adjacent to the electrode of 58.4°C while an identical model imposing compression-dependent tissue electrical conductivity estimated a peak temperature at 1.0 mm adjacent to the electrode of 54.1°C at 3.22 s. This is compared to an experimentally measured peak temperature of 60.1°C at 1.0 mm adjacent to the electrode at 3.22 s. The 83.6% difference in ⌬Q from the compression-dependent to the compression-dependent simulations confirmed that significantly less heating took place in the compression-dependent model. While the model without compression-dependent electrical conductivity more closely matched the temperature values of the experiment, the model with compression-dependent electrical conductivity matched the overall temperature profile, providing a better comparison of the heat transfer time scale. FEs were shown to generate temperatures 9.7°C hotter at the symmetry plane and 3.9°C hotter at 1.0 mm adjacent to the electrode as compared to the GE design.
Limitations of this model include its assumption of a continual electrode-tissue contact, which may not be realistic in all situations. While the voltage signal was seen to be nearly constant for this case, a more versatile model would include a capability to reproduce a constant power setting. It is known that at temperatures near 100°C the temperature-dependent material properties experienced nonlinear phenomenon due to the interstitial fluid phase changes. Therefore, at these high temperatures, the model will need refinements to accommodate analyses in these ranges. Also, the impact of the load transmitted to the tissue by the forceps and consequent compression exerted on the tissue during such a procedure is unknown and currently being investigated. This compression effect can greatly impact tissue material properties, particularly the thermal and electrical conductivities, and therefore temperature distributions and thermal energy flow throughout the tissue. In this model, discrete conductivity changes were imposed on the tissue, but future models will incorporate compression-dependent material properties on a continuum.
The impact that electrode geometry design has on thermal penetration into tissue lateral to the electrode could play a major role in the future design of bipolar instrumentation. It is shown in this study that electrode geometry changes can lead to increased tem- (f) (e) Fig. 10 Cross-sectional view of temperature profiles for a constant thermal conductivity, temperature-and compressiondependent electrical conductivity simulation using a GE on a plane offset from Plane ABDC by 6 mm at various times. Times "a…-"e… correlate to the end of each pulse and "f… correlates to the end of the simulation after sufficient cooling "same temperature scale as in Fig. 8… . Fig. 11 Cross-sectional view of temperature profiles at 3.22 s for a constant thermal conductivity, temperature-and compression-dependent electrical simulation using a GE on different planes offset from Plane ABFE "distances indicating the offset from Plane ABFE… "same temperature scale as in Fig.  8… . peratures and thermal gradients. Advanced design considerations can play an important role in minimizing collateral tissue damage and should be implemented whenever feasible.
